Abstract
Introduction
Type 1 diabetes mellitus (T1DM) is an autoimmune disorder characterised by insulin deficiency which affects resistance arteries and conduit arteries such as the carotid arteries. T1DM is associated with endothelial dysfunction and atherosclerosis (1, 2) . The micro-and macrovascular complications of diabetes are a consequence of endothelial dysfunction and inflammation. The major causal factors involved in the pathogenesis of endothelial dysfunction in T1DM are hyperglycemia, dyslipidemia and oxidative stress (3) (4) (5) (6) . Atherosclerosis represents the principal cause of disability and death in patients with T1DM. The development of atherosclerosis and cardiovascular complications can be prevented by maintaining endothelial function. Despite administration of appropriate treatment, in the long-term, T1DM leads in most cases to microvascular, macrovascular and neurological complications, such as cardiomyopathy, atherosclerosis, nephropathy, retinopathy and neuropathy (1, 6) . Diabetes accelerates the formation of atherosclerotic plaques and intimal proliferation in the carotid artery by vascular smooth muscle cell proliferation, inflammatory cell infiltration, endothelial cell injury and augmented deposition of extracellular matrix (7) . Polyphenols represent a large group of bioactive plant compounds known for their many beneficial effects on the body: antioxidant, antiatherogenic, hypoglycemic, hypocholesterolemic, hypotriglyceridemic, anti-inflammatory, antimicrobial, etc. (8) . The flavonoid quercetin is one of the most important natural antioxidants found in many vegetables and fruits (9) . Quercetin exerts multiple biological effects -antioxidant, hypoglycemic, neuroprotective and anti-inflammatory -in T1DM (3, (10) (11) (12) (13) (14) (15) (16) (17) . Recent research has demonstrated the beneficial effects of exercise training on preventing diabetic vascular complications by reducing oxidative/nitrosative stress and inflammation (3, 14, (18) (19) (20) (21) (22) . Therefore, in the current study we evaluated the effects of combining quercetin treatment with moderate exercise training in preventing carotid artery injuries in diabetic rats through a reduction of glycemia and oxidative stress. This original research study evaluates in vivo carotid artery ultrasound changes induced by streptozotocin and prevention of vascular damage by quercetin administration combined with moderate exercise training.
Material and methods

Experimental animal design
Wistar albino rats aged 3 months (230-260 g weight) were purchased from the Experimental Animal House of the "Iuliu Hațieganu" University of Medicine and Pharmacy (Cluj-Napoca, Romania). They were maintained in a controlled environment (12:12 h light/dark cycle, at a temperature of 21-23°C and 50%-60% humidity). Standard pellet diet and water were provided ad libitum. Animal experimental and welfare procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (The Romanian Ministry of Health) and complying with the approved animal protocols (No. 78/20.02.2014) of the Ethical Committee on Animal Welfare. Streptozotocin (STZ) (50 mg/ kg body weight) (Sigma-Aldrich, Inc., UK) was administered by a single intraperitoneal (i.p.) injection, after having been dissolved in 0.1 mol/L sodium citrate buffer (pH 4.5), and the non-diabetic control rats received only sodium citrate buffer (0.1 mol/L) (3, (23) (24) (25) (26) (27) (28) . Subsequently, 96 h after the STZ injection, T1DM was confirmed by assessing fasting blood glucose (FBG) levels in blood samples collected from the tail of rats deprived of food overnight. The rats whose FBG levels were above 250 mg/dL were considered to be diabetic. Quercetin treatment and exercise training started 7 days after STZ administration. The FBG levels were recorded using a glucose test strip (ACCU-CHEK Go glucometer, Roche) before (initial FBG) and 96 h after STZ administration, 7 days after STZ administration, and at the end of the experiment (final FBG). Body weight (BW) was also measured at the start (initial BW) and at the end (final BW) of the experiment. The experimental rats were randomly divided into control (non-diabetic) and diabetic groups (n=10): the CS group: control sedentary rats; the CE group: control trained rats; the CSQ group: control sedentary rats that received quercetin; the CEQ group: control trained rats with quercetin administration; the DS group: diabetic sedentary rats; the DE group: diabetic trained rats; the DSQ group: diabetic sedentary rats that received quercetin; the DEQ group: trained diabetic rats with quercetin administraion. Quercetin (Sigma-Aldrich, Inc., UK) was suspended in 0.5% carboxymethylcellulose (CMC) solution and then administered via intragastric gavage (30 mg/kg body weight, once daily for 5 weeks). CMC solution was administered by gavage once daily (5 weeks) to the rats of groups: CS, CE, DS and DE (0.6 ml/rat).
Exercise training protocol
The physical training program consisted of moderate swimming 30 minutes/day, 5 days/week (for 5 weeks), as previously described (13, 14) , using a modification of the protocol described by Pyun et al. (18) and Teixeira de Lemos et al. (19) . The control and diabetic sedentary rats were handled daily and treated similarly to the trained rats except for the swimming training.
Ultrasound protocol
All the ultrasonographic evaluations required to assess the effects of DM on the vascular endothelium (mostly atherosclerosis, with its consequences) were performed by micro-ultrasound by a single examiner experienced in both clinical and experimental ultrasound (M.S.). High performance micro-ultrasound equipment, specifically designed for the examination of small experimental animals, was used: a VisualSonics Vevo 2100 high frequency machine equipped with an imaging station for rat immobilisation, monitoring and scanning. An 18-24 MHz linear transducer was used for the screening of atheromatous plaques in the carotid arteries, as well as for Doppler measurements. The wall thickness of the carotid arteries was measured on transverse sections using a 50-70 MHz transducer. The rats from each group were anesthetised using an i.p. injection of ketamine (100 mg/kg BW) and xylazine (10 mg/kg BW) and were positioned on a heated table while monitoring the basic parameters (temperature, breathing frequency, cardiac frequency, blood pressure and electrocardiogram). The neck region was shaved and the carotid arteries were imaged in transverse view. Wall thickness was measured in three locations: the lower common carotid artery, the upper common carotid artery (just below the bifurcation), and the internal carotid artery. The measurements were performed on transverse sections at the level where the wall was thickest, including the thickness of atheromatous plaques, when present. We performed the wall measurements so as to include the hyperechoic intimal band and the hypoechoic band belonging to the tunica media. Color Doppler images were obtained at the level where the walls were thickest for the visualisation of jets and turbulence. Pulsed wave Doppler was used in the regions with high blood velocity (turbulence, jets, when observable, otherwise in the middle of the vessel) to determine the maximum systolic and end-diastolic velocities, as well as systolic acceleration (expressing a stenosis from the inflow, when reduced), resistivity and pulsatility indexes (increasing before a stenosis). All data were centralised and comparisons were made between the means, along with statistical tests of significance.
Preparation of carotid artery tissue homogenates
At the end of the ultrasonographic evaluations, the animals were sacrificed (sodium pentobarbital, 60 mg/kg i.p.). The carotid arteries were removed and were immediately stored at -80°C for further analysis of oxidative stress parameters. Subsequently, the carotid artery was homogenised (20 mM Tris-HCl buffer, pH 7.4, in a 1:10 weight/volume ratio) in a Brinkman Polytron Kinematica homogeniser (Lucerne, Switzerland).
Measurement of oxidative stress parameters and antioxidant levels
Malondialdehyde (MDA) levels were estimated fluorometrically based on the thiobarbituric acid reaction (29) and expressed as nmol/mg protein.
Superoxide dismutase (SOD) activity was expressed as U/mg protein Kakkar et al. method) (30) . Reduced glutathione (GSH) and oxidised glutathione (GSSG) were assessed using method Vats et al. (31) . They were expressed as nmol/mg protein. The reduced to oxidised glutathione ratio (GSH/GSSG ratio) was assessed.
Statistical analysis
The results were analyzed using SPSS 17.0 software (Chicago, IL 60606-6412, USA) and were expressed as mean ± SD. Two-way analysis of variance (ANOVA) followed by Tukey's test for significance was used to compare the effects of quercetin and training. Three-way analysis of variance (ANOVA) was carried out to analyze the cumulative response to quercetin and swimming training in diabetes. A value of p < 0.05 was considered statistically significant.
Results
Blood glucose levels and body weights in the STZ-induced experimental model of T1DM Table 1 shows the blood glucose levels and the body weights (BW) of experimental rats. Animals treated with STZ developed hyperglycemia (p < 0.0001) within 96 h, and their blood glucose levels remained higher than those of the control groups (CS, CE, CSQ and CEQ). Training combined with quercetin decreased (p < 0.0001) glycemia in diabetic rats. At the end of the study, BW was significantly reduced (p 
Vascular US data in the experimental groups
At the end of the experiment, the common carotid artery (CCA; near the bifurcation) was visualised in all experimental rats using color Doppler and spectral Doppler mode. On US examination, arterial wall plaque formation and wall thickening were more obvious in the DS group than in both the DEQ and DSQ groups ( Figure 1 and Table 2 ). All control groups (CS, CSQ, CE and CEQ) showed normal wall thickness, significantly lower compared to the DS group ( Table  2 ). The diabetic trained rats that received quercetin (DEQ group) significantly reduced wall thickness (p < 0.005). Among pulsed wave Doppler measurements, pulsatility (PI) and resistivity (RI) indexes showed the most statistically significant increase (p < 0.05) in the DS group compared to the control groups (CS, CE, CSQ and CEQ) ( Table 2 ). The diabetic trained rats that received quercetin (DEQ group) restored PI and RI. Significant differences between groups were found for systolic acceleration and peak systolic velocity. Systolic acceleration significantly decreased and peak systolic velocity (PSV) significantly increased (p < 0.05) in the DS group compared to the CS group (Table 2) . Quercetin administration significantly increased (p < 0.05) systolic acceler- Fig. 1 . Representative US parameters of the carotid artery: wall thickness and Doppler measurements in the experimental groups. US changes in the common carotid artery for diabetic sedentary rats (DS group -A, B) without treatment, respectively after moderate exercise training associated with quercetin administration (DEQ group -C,D). The wall thickness is more increased in the DS group and a plaque is visible for the diabetic sedentary rats (DS group-A, B -transverse view). Doppler studies show signal void at the level of the plaque and increased velocities, with increased PI and RI indexes for the diabetic sedentary rats (DS group-D compared to B).
ation and significantly decreased peak systolic velocity in the common carotid artery of diabetic trained rats (DEQ group) compared to control rats (DS group). Oxidative stress parameters and antioxidant levels
This study showed that hyperglycemia induced carotid artery damage, as indicated by a significant increase (p < 0.05) in the MDA level of diabetic sedentary rats (Figure 2A ). The results also evidenced a significant decrease (p < 0.05) Data are presented as mean ± SD in the CS (control sedentary rats), CE (control trained rats), CSQ (control sedentary rats that received quercetin), CEQ (control trained rats with quercetin administration), DS (diabetic sedentary rats), DE (diabetic trained rats), DSQ (diabetic sedentary rats that received quercetin), DEQ (trained diabetic rats with quercetin administraion) groups.a p< 0.05 and aa p < 0.005 = significantly different compared with CS group; b p < 0.05 and bb p < 0.005 = significantly different compared with DS group. Figure 3 , the levels of reduced glutathione (GSH) and the GSH/GSSG ratio in the carotid artery homogenates, for the control and diabetic groups are shown. The GSH level ( Figure 3A ) and the GSH/GSSG ratio ( Figure 3B ) significantly decreased (p < 0.05) in the diabetic carotid artery (DS group) as compared to controls. Both the GSH level and the GSH/GSSG ratio in the diabetic carotid artery were significantly increased (p < 0.05) by quercetin administration as compared to controls. Training combined with quercetin treatment significantly increased (p < 0.05) the GSH level and the GSH/GSSG ratio in the diabetic carotid artery as compared to untreated diabetic sedentary rats. Diabetic rats were orally administered with quercetin at the doses mentioned earlier and subjected to moderate exercise training for 5 weeks.
Values are given as means ± SD in the CS (control sedentary rats), CE (control trained rats), CSQ (control sedentary rats that received quer- 
Discussion
Quercetin is a natural flavonoid known for its many bioactive properties: anti-inflammatory, antioxidant, hypoglycemic, hypocholesterolemic, etc. In this study, we analysed the potential ameliorative effects of training combined with oral treatment with quercetin on reversing diabetes-induced carotid artery injuries. We performed an ultrasound examination of the carotid artery and carotid oxidative stress parameter evaluations in a streptozotocin (STZ)-induced experimental model of T1DM. The experimental model of type 1 DM induced by STZ, an antibiotic and chemotherapeutic agent produced by Streptomyces achromogenes, is a reliable experimental model through which diabetes can be obtained in 96 hours and which can be used for longer experimental studies to examine diabetic complications (3, (23) (24) (25) (26) (27) (28) . The limitations of this diabetes animal model are the fact that it can cause post-induction hypoglycemia and that repeated STZ doses can generate pancreatic and liver damage which may result in the death of animals. Hyperglycemia, hypercholesterolemia and hypertriglyceridemia positively correlate with endothelial dysfunction in T1DM. Inflammation, oxidative stress and hyperglycemia play an important role in the development of atherosclerosis, which leads to diabetic cardiovascular complications (1, 6, 14, 32, 35, 36) . The present findings indicate that chronic administration of quercetin to diabetic trained rats, an experimental model of T1DM, significantly decreased FBG levels. Previous studies show that in diabetes, the combination of training and quercetin treatment restores normal endothelial function and vascular oxidative stress levels through its two major hypoglycemic and antioxidant effects (3, 12, (14) (15) (16) (17) (18) 21, (32) (33) (34) . The current study establishes a correlation between the levels of glycemia, oxidative stress and carotid artery wall changes in diabetic rats and evaluates the efficacy of combining quercetin treatment with moderate excercise training in reducing glycemia and oxidative stress and in preventing diabetic vascular complications evidenced in vivo by ultrasound evaluations. Diabetes causes vascular endothelial dysfunction and hypertrophic remodeling of the carotid artery. The alterations include vessel narrowing, thickening of the tunica media with the deposition of collagen and laminin in the vessel walls, resulting in an accelerate formation of atherosclerosis (8, 35, 36) . In the present report, we observed both a significant increase in common carotid artery wall thickness (tunica intima + tunica media) and some Doppler parameter changes in STZ-induced diabetic rats. The measurements in our report represent total intima-media thickness and include possible hyperechoic plaques, thus accounting for an increase in size compared to other US studies performed on diabetic rats (37) (38) (39) . An increase in the MDA level and a reduction of the GSH level and SOD activity in the carotid artery of diabetic rats were evidenced. The ability of training combined with quercetin administration to protect against free radical-induced damage and the lipid peroxidation process is also shown by the significant decrease in the MDA level and the significantly increased antioxidant SOD and GSH levels in the carotid artery of diabetic rats. The changes in the carotid artery wall thickness of diabetic rats were significantly reversed after quercetin treatment, both with and without association of moderate exercise training. In fact, rats with a quercetin regimen and an exercise program had a wall thickness similar to non-diabetic control rats. Quercetin treatment of diabetic trained rats in the present research prevented the development of carotid artery injuries through a diminuation of glycemia and oxidative stress. The carotid artery wall thickness of the diabetic trained rats treated with quercetin (DEQ) changed insignificantly and atheromatous plaques were absent compared to the control group (CEQ). Ultrasound changes were consistent with the decrease in glycemia and oxidative stress levels in the DEQ group. Quercetin protects the vascular wall from T1DM-induced oxidative injury by increasing the activity of antioxidants, including GSH and SOD, by maintaining mitochondrial function and decreasing the reactive oxygen species level, thus maintaining the cellular redox environment [9, [12] [13] [14] [15] . Consistently, our data also showed that atheromatous plaques were mostly visible in untreated DM rats and were confirmed on color Doppler images as a signal void in the region of intimal thickening. The diabetic trained rats treated with quercetin (DEQ group) did not show carotid atherosclerotic plaques. Our results show that fighting some of these effects using quercetin, with its antioxidant, anti-inflammatory, antiatherogenic, hypoglycemic, hypotriglyceridemic and hypocholesterolemic activity in DM (3, (9) (10) (11) (12) 14, 40) , can provide protection against the development of vascular complications in the carotid arteries.
Conclusions
Our study demonstrates that oxidative stress and hyperglycemia contribute to the development of vascular damage and atherosclerotic plaques in the carotid artery in a STZ-induced experimental model of T1DM. Moderate exercise training in association with quercetin administration reduces the carotid artery injuries induced by diabetes through a diminution of glycemia and a decrease in oxidative stress levels in the vascular wall. Our results emphasise the possibility of using new combinations to reduce carotid artery alteration in diabetes. 
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